We study pump-probe spectroscopy of Rb vapor. Absorption spectra are presented for a weak probe beam in a room temperature vapor subject to a strong counter propagating pump beam of identical frequency. The importance of hyperfine pumping in the formation of the sub-Doppler spectrum is explained. For typical experimental parameters we clarify why the standard designation of ''saturated absorption'' spectroscopy is a misnomer. In contrast to saturated absorption, the details of the transient solution are crucial and hyperfine pumping leads to a modification of the absorption for detunings of many tens of natural linewidths from resonance.
I. INTRODUCTION
Prior to the development of the laser, spectroscopic studies of absorption and emission lines in gaseous media were limited to the resolution of the Doppler width. The Doppler width is a consequence of the velocity distribution of atoms. Moving atoms can still interact with monochromatic light, even if the light is not close to a resonance, by compensating for frequency detuning via the Doppler effect. With the advent of the laser, it has become routine to generate subDoppler spectra with a resolution approaching the natural linewidth of the transition. Many atomic species exhibit hyperfine structure that is masked in the Doppler broadened spectra, but which is resolved with sub-Doppler spectroscopy. Spectra that resolve the hyperfine structure are ideal frequency markers for ''locking'' the laser to a specific frequency. 1 In the burgeoning field of laser cooling 2 and the production of Bose-Einstein condensates, 3 extensive use is made of narrow-band tunable diode laser systems locked to a sub-Doppler spectrum.
Both rubidium and cesium have a significant room temperature vapor pressure and resonance lines in the near infrared with saturation intensities that are easily exceeded using simple, inexpensive, and reliable laser diode sources. Sub-Doppler spectroscopy using a counter propagating pump-probe geometry on the D 2 line ͑the 2 S 1/2 to 2 P 3/2 transition͒ in alkali metal atoms is an excellent way of introducing some key concepts of nonlinear spectroscopy. References 4, 5, and 6 describe the spectra obtained and Refs. 4 and 7 discuss how to construct a suitable extended-cavity diode laser. Saturated-absorption spectroscopy of a two-level atom is discussed in textbooks, for example, Ref. 8, but this model is insufficient to explain the hyperfine-resolved spectra of the alkali metal D 2 line.
In this paper we do not present novel spectra, but rather we discuss the different mechanisms that govern the form of multilevel pump-probe spectra, address specifically why the term ''saturated-absorption spectroscopy'' is a misnomer, and highlight the importance of the transient dynamics of the system. The paper is structured as follows. In Sec. II we briefly review the conventional treatment of the saturation of a twolevel atom, using the steady-state solutions. We discuss spectral features that arise when there are two or three excited states accessible from the ground state and highlight the appearance of sub-Doppler crossover features. We also consider the new phenomena that arise as a consequence of the excited state population having a decay mechanism to another ground state, outside of the pumping system. We show that the conventional hole-burning picture provides a good account of the observed spectra, but the modification of the velocity distribution of atoms in the original ground state is far stronger as a result of hyperfine pumping than of saturated absorption. We also emphasize the different dynamics-it is perfectly adequate to assume a steady-state solution for the case of saturated absorption, whereas the details of the transient solution crucially influence the spectra obtained in experiments. In Sec. III, we calculate theoretical spectra and compare them with experimental spectra. By artificially removing one or the other mechanism, we show which features arise from each mechanism. It is concluded that conventional saturated absorption spectra are incorrectly named, and we cannot merely specify the intensity in order to predict the spectrum-the details of the range of the transit times of atoms through the beams are paramount.
II. THEORY
Pump-probe spectroscopy is based on the probe beam monitoring the modification of the absorption in the medium as a result of the medium's interaction with the pump beam. For the conventional two-level atom depicted in Fig. 1͑a͒ , the absorption of the probe beam is proportional to the difference in population between the ground and excited states, ⌬Nϭ(N g ϪN e ). Suppose that the atoms have a normalized velocity distribution P(v z ) along the direction of the probe, z, with ͐ Ϫϱ ϱ P(v z )dv z ϭ1. The standard result ͑see, for example, Ref. 1͒ for the steady-state population difference in this case is
Here, ⌬ is the detuning of the laser ͑angular͒ frequency from resonance, ⌬ϭ L Ϫ 0 , L is the frequency of the laser, 0 is the resonance frequency of the transition, ⌬N 0 is the initial population difference, I is the intensity of the laser, and I SAT is the saturation intensity for the transition. ͑For Rb on the D 2 line, Fϭ3→FЈϭ4 I SAT ϭ1.6 mW/mm 2 .) 5 At resonance, there is an initial linear increase of the excited state fraction as the light intensity is increased. However, in the limit where the incident light is very bright (IӷI SAT ), the excited state fraction goes to one-half of the population of that velocity class due to saturation, with one-half remaining in the ground state, and the population difference tends to zero. The associated line shape is a power broadened Lorentzian, the low intensity linewidth being the excited state width ⌫ ϭ1/, with the excited state lifetime ͑27 ns for Rb͒. Consequently, the hole burned into the velocity distribution occurs over a spectral range of about 6 MHz. The time scale over which atoms come into equilibrium with the light is of the order of tens of nanoseconds. In a typical experiment the laser beam is a few mm wide, so for thermal atoms with a velocity of 250 ms Ϫ1 , the transit time is about 10 s. Hence the steady-state solution is likely to be an excellent approximation.
The conventional way to represent the effect of the pump beam ͑propagating along z͒ on the ground state velocity distribution is shown in Fig. 1͑b͒ , where it is shown that a hole is burned into the distribution at a location of v z ϭϪ⌬/k, with kϭ2/ the wave vector of the pump beam. The power-broadened width of the hole is given by ⌫Ј ϭ⌫ͱ1ϩ(I/I SAT ). The pump interacts with atoms of velocity v z ϭϪ(⌬Ϯ⌫Ј)/k, whereas the counter propagating probe ͑derived from the same laser͒ interacts with atoms of velocity v z ϭϩ(⌬Ϯ⌫Ј)/k. The absorption of the probe is proportional to ⌬Nϭ(N g ϪN e ), and a modification of the absorption is obtained only when pump and probe interact with atoms from the same velocity class, in this case a velocity class centered around v z ϭ0. This absorption occurs only when the laser is tuned to within a ͑power-broadened͒ natural linewidth of the atomic resonance. At other laser frequencies there is no modification of the absorption profile of the probe because the pump and probe excite different velocity classes. Hence, this technique gives sub-Doppler resolution: a narrow feature of width ⌫Ј centered at 0 within a broad Doppler absorption profile.
We now consider what happens when there are multiple excited states, specifically the transitions F→FЈϩ1,F,F Ϫ1, as in the D 2 transition in the alkali metal atoms ͓see Fig.  2͑a͔͒ . We might expect three sub-Doppler features for this configuration, one per atomic resonance; in fact there are six. Each of the six sub-Doppler features occurs when the pump and the probe simultaneously excite the same velocity class͑es͒. Three features correspond to the resonance frequencies of the three transitions, where both pump and probe excite atoms with zero velocity. The other three features occur when the laser is tuned to be exactly halfway between two transitions and are termed crossover resonances. The pump and counter propagating probe both excite three velocity classes. However, in the crossover case, two of the velocity classes excited by the pump also are excited by the probe. As in the case when the laser is on resonance, the crossover features occur because the probe detects a reduction in the ground state population of particular velocity classes due to the action of the pump, as is illustrated in Figs. 2͑b͒ and 2͑c͒. There are now six laser frequencies at which at least one velocity class of atoms interacts with both pump and probe, with a consequent reduction of the absorption as fewer ground state atoms interact with the probe. At other laser frequencies there are no velocity classes that interact with both pump and probe, and consequently no modification to the absorption is experienced at these laser frequencies. The absorption spectrum now has six sub-Doppler features, whose separation is determined by the excited state hyperfine splitting.
There is another physical mechanism that will modify the absorption of the probe beam and that has been neglected in our analysis so far. The process of optical hyperfine pumping occurs when there are multiple ground states accessible from the excited states, as shown in Fig. 3͑a͒ . For an alkali metal atom with nuclear spin I there are two values of the angular momentum for the ground state (FϭIϮ1/2) and four for the excited state (FЈϭIϮ3/2,IϮ1/2), on the D 2 line. The hyperfine splitting of the ground state alkali metal atoms is of the order of a few GHz, whereas the excited state splitting is typically tens to hundreds of MHz. The room temperature Doppler width is many hundred MHz. Consequently, we expect two Doppler broadened lines per isotope in the absorption spectra. There are two transitions, FϭIϩ1/2→FЈϭI ϩ3/2 and FϭIϪ1/2→FЈϭIϪ3/2, which are closed, that is, the electric dipole selection rule (⌬Fϭ0,Ϯ1) prevents atoms from falling into the other ground state. For example, in 85 Rb (Iϭ5/2) the transition Fϭ3→FЈϭ4 is closed, whereas the transitions Fϭ3→FЈϭ2 or 3 have a decay channel to the Fϭ2 hyperfine level in the ground state. At- oms in this level are very far from resonance ͑ϳ3 GHz͒ with a monochromatic probe tuned between Fϭ3 and the excited state. Therefore, they do not contribute to the absorption of the probe. In contrast to saturating the transition, the decay mechanism into the other ground state is more efficient at reducing the absorption of the probe because it completely removes atoms from the pump-probe system. Atoms in this other ground state remain dark ͑that is, transparent͒ to the probe beam until they are transferred by collisions into the original ground state. The time scale for collisional redistribution is longer than the transit time through the laser beam. Therefore, pumping into the dark ground state represents an efficient sink for atoms from the absorbing population. This effect is sometimes called velocity selective optical pumping. There is an extensive literature A sub-Doppler saturation feature is predicted whenever the laser frequency is resonant with one of the transitions, as both pump and probe beams interact with zero-velocity atoms in these cases. Three other crossover resonances also are obtained when the laser is tuned exactly halfway between a pair of excited states. ͑b͒ The ground state velocity distribution when a room temperature sample of 85 Rb atoms is illuminated by a pump beam with an intensity equal to the saturation intensity, ⌬ϭϪ2ϫ60.5 MHz detuned from the Fϭ3→FЈϭ4 transition, halfway between the transitions Fϭ3 →FЈϭ4 and Fϭ3→FЈϭ3. Three holes are burned into the distribution centered at v z ϭϪ⌬ 3 /k, v z ϭϪ⌬ 2 /k, and v z ϭϪ⌬ 1 /k. For 85 Rb ⌬ 2 Ϫ⌬ 3 ϭ2ϫ121 MHz, ⌬ 1 Ϫ⌬ 2 ϭ2ϫ63 MHz ͑c͒ The modification of the ground state velocity distribution induced by the probe beam, ⌬ϭϪ2 ϫ60.5 MHz detuned from the Fϭ3→FЈϭ4 transition. For clarity the probe is assumed to have an intensity equal to the saturation intensity. Typically in such experiments the probe beam is much weaker than the pump. Three holes are burned into the distribution at velocities equal in magnitude, but opposite in sign to the holes burned by the pump. This detuning places the laser halfway in frequency between the F→FЈϭFϩ1 and F→FЈϭF resonances where two of the velocity classes excited by the pump and the probe are common, resulting in a crossover feature. The hyperfine splitting of the ground state, ⌬E g , is typically an order of magnitude larger than the room temperature Doppler width, which itself exceeds the excited state hyperfine splitting, ⌬E e . As in Fig. 2 the detunings from resonance are defined by ⌬ i ϭ L Ϫ i . Six sub-Doppler features are predicted when the laser frequency scans across the transitions from the upper ground state. Hyperfine pumping is allowed from two of the excited states into the lower ground state. ͑b͒ The upper ground state velocity distribution of an atom subjected to a pump beam of intensity equal to the saturation intensity for 5 s ͑a typical transit time͒. The usual saturated-absorption hole burned into the distribution is apparent, as is a ''canyon'' burned into the distribution due to hyperfine pumping. The width of a saturated absorption feature is a ͑power-broadened͒ natural linewidth, whereas the width of the hyperfine pumped hole depends on the laser intensity and the dimensions of the pump beam. The hole burned by hyperfine pumping is deeper and significantly wider than that by saturated absorption.
on the spectra obtained in this type of pump-probe spectroscopy ͑see, for example, Refs. 9, 10, 11 and references therein͒. Our goal here is to highlight the relative significance of saturation absorption and hyperfine pumping and not to account for the exact heights of the sub-Doppler features in the spectra.
A crucial point that is often overlooked is that we can no longer restrict our attention to the steady state. The scattering rate of light, R s , from the laser field is a power-broadened Lorentzian line:
For multiple ground and excited states we consider the effect of all the resonances that can be excited at a particular laser frequency. Table I shows the relative line strengths for the Fϭ3 to FЈϭ4, 3, and 2 transitions and decays to Fϭ2. Einstein rate equations relating the time-dependent populations to the A and B coefficients can be given for this atomic system. Although analytic results can be obtained, the expressions are cumbersome and do not lead to insight. When considering transitions from the Fϭ3 ground state, the key result is that the steady state population is all in the ground state. The rate of transfer to the Fϭ2 ground state is obtained by scaling the excitation rate of Fϭ3→FЈ by the branching ratio for falling back to the Fϭ3 state or to the Fϭ2 state. Each transition has a different saturation intensity, which is scaled from the Fϭ3→FЈϭ4 transition by the factors in Table I . The time scale for this pumping to occur has to be compared with the transit time. The time scale for pumping is short, typically tens of nanoseconds with the pump beam on resonance. This time is much shorter than the transit time, which is typically 10 s. If an atom does spontaneously decay into the dark ground state, it will not absorb the probe beam. Atoms in velocity classes that are significantly far from resonance can still be optically pumped as they transit across the pump beam because, although the transition probability is lower, only a few photons are required for this process.
In Fig. 3͑b͒ we show the effect of hyperfine pumping on the ground state velocity distribution for atoms that have spent 5 s in the pump beam which has an intensity equal to the saturation intensity. We see the expected saturatedabsorption hole burned into the distribution for the closed transition, but also a ''canyon'' burned into the distribution as a result of hyperfine pumping. The width of a saturated absorption feature is a ͑power-broadened͒ natural linewidth, whereas the width of the hyperfine pumped hole depends on both the laser intensity and the dimensions of the pump beam.
As seen in Fig. 3͑b͒ the hole burned by hyperfine pumping is deeper and significantly wider than that by the mechanism of saturated absorption. We stress that the atomic system is not in equilibrium and that it cannot be parametrized simply in terms of a saturation intensity. To account for the absorption of the medium, distributions similar to those in Fig. 3͑b͒ have to be calculated and averaged over a range of transit times.
In Fig. 4 we show the expected absorption spectrum for atoms pumped by a beam of intensity equal to the saturation intensity, averaged over the range of transit times which agrees with the experimental parameters described in Sec. III. As expected, six peaks are observed. The highest frequency transition, for which saturation effects are a maximum and which has the largest line strength, does not contribute the largest peak in the spectrum. The absorption spectra are calculated from the relative line strengths given in Table I , the absolute excited state lifetime, and knowledge of the temperature dependence of the vapor pressure of Rb. 12 We ignore the possibility of optical pumping effects aligning the Rb atoms. We assume a cell of length 50 mm as was used in the experiment. The agreement between theory and experiment for the probe only transmission spectrum will be discussed later.
So far, we have argued that, in multilevel systems with more than one ground state, there are two processes that lead to narrow spectral features in pump-probe spectroscopy: saturated absorption and hyperfine pumping. Including the hyperfine pumping mechanism leads to a prediction of a spectrum with six-peaks, and a change of absorption over a wide frequency range. This wide range arises because, even when the laser is significantly detuned from a resonance ͑tens of linewidths͒, a typical atom traversing the beam has time to absorb a pump photon followed by a spontaneous emission into the dark ground state, which will lead to an increase in the transmission of the medium. Knowledge of the details of the transient solution to the hyperfine pumping rate is necessary because the transit time can be short compared to the time needed to establish equilibrium. (Fϭ3→FЈϭ2,4) ; a crossover resonance (Fϭ3→FЈϭ3,4) ; and the transition Fϭ3→FЈϭ4. Note that there are modifications to the transmission at frequencies that are many natural linewidths removed from a resonance frequency. 
III. EXPERIMENTS
The apparatus shown in Fig. 5 consists of a grating-tuned and spectrally narrowed extended-cavity diode laser from which both the pump and probe beams were derived. The laser has a Sanyo DL-7140-201 chip, collimated with a 4.5 mm focal length, aspheric lens, to give an output beam with a spot radius (1/e 2 intensity͒ of 0.7 mm vertically and 1.4 mm horizontally. Counter propagating pump and probe beams overlap in a 50 mm long vapor cell with a crossing angle of less than 10 mrad. In this apparatus the pump and probe have parallel polarizations. The cell contains 85 Rb and 87 Rb in their natural abundances at room temperature. Neutral density filters were used to attenuate the pump and probe powers independently. The probe beam was focused onto a photodiode circuit that recorded a voltage linearly proportional to the incident intensity.
Typical spectra for the transitions Fϭ3→FЈ are shown in Fig. 6 . As expected, six sub-Doppler features, each with a width of approximately the natural width, are observed at low pump intensity. Also apparent is a broader background change to the absorption at detunings far from resonance, which becomes more prominent as the pump power is increased.
No attempt was made to match exactly the peak heights measured experimentally with those calculated theoretically, see for example, Refs. 9, 10, and 11. The exact heights of the features depend on many parameters, including the polarization of the pump and probe beams, the crossing angle in the cell, the magnetic field present, and the exact profile of the pump and probe laser beams. No attempt was made to zero the residual magnetic field in the cell. Optical pumping effects with respect to this field could modify the absorption spectra. However, empirically we find only a minor modification to the form of the experimental spectra when the field in the cell is reduced. The experimental and calculated spectra are in good overall agreement as is shown in Fig. 4 . The theoretical spectra show the same behavior as the experimental spectra with increasing intensity: there is an increase in peak height, the two crossover peaks dominate, the lines broaden significantly such that some features merge, and the dip between the two strongest features becomes less distinct as the lines broaden. Now we can predict what would happen if we removed hyperfine pumping from the theory to obtain genuine saturated-absorption spectra. The spectrum predicted is shown in Fig. 7͑a͒ . Although the six peaks are at the correct location, the peak heights differ significantly from experiment. This saturation-only theory predicts the largest effect for the closed transition, which is not observed experimentally. Figure 7͑b͒ shows a theoretical spectrum when the saturated absorption is removed from the model, but hyperfine pumping is retained. The highest frequency transition is missing, as expected, because it is a closed transition and hyperfine pumping is forbidden by the electric dipole selection rules. The five other features correspond closely to what is seen experimentally. Of the six peaks, only one is a genuine saturated absorption effect; the others are dominated by hyperfine pumping. Figure 7 clearly demonstrates the importance of hyperfine pumping in explaining the structure of the experimental spectra and that ''saturated-absorption spectroscopy'' is a misnomer. 5 . Laser light is derived from an extended-cavity diode laser ͑A͒ and split using a thick glass slide ͑B͒ into a probe beam ͑reflected͒ and pump beam ͑transmitted͒. The probe beam is allowed to pass through a room temperature rubidium vapor cell ͑D͒ onto a photodiode ͑F͒. Mirrors ͑E͒ direct the counter propagating pump beam through the cell. Attenuators ͑C͒ are used to vary the power of the pump and probe independently. Fig. 6 . Experimental transmission spectra. The horizontal axis is the laser detuning in MHz relative to the Fϭ3→FЈϭ4 transition. Each panel contains a transmission profile for the probe without a pump for comparison. The probe power was less than 500 nW. The pump powers were ͑a͒ 0.5 mW, ͑b͒ 0.9 mW, and ͑c͒ 4.5 mW. In ͑a͒ and ͑b͒ six sub-Doppler features are observed, but with significant difference in peak heights. Relative to ͑a͒, ͑b͒ displays a considerable increase in transmission across a range of frequencies. In ͑c͒ six features can no longer be distinguished because the hyperfine pumping has broadened the lines significantly such that some features merge. In ͑c͒ there is an approximately 500 MHz range over which there is significant change to the probe absorption spectrum-the mechanism of saturated absorption cannot account for this result.
IV. DISCUSSION
The main objective of this paper is to highlight theoretically and validate experimentally the notion that saturated absorption is a much less efficient mechanism for the formation of sub-Doppler transmission peaks than hyperfine pumping. Saturated absorption relies on a significant fraction of the atoms of a particular velocity class being transferred to the excited state, which happens for intensities of the order of the saturation intensity. For the multilevel configuration studied here, the strongest saturation effect occurs for the closed transition, Fϭ3→FЈϭ4. In contrast, for hyperfine pumping to be important an atom needs only to scatter a handful of photons in the time taken to traverse the pump beam. For nonclosed transitions, hyperfine pumping provides an efficient mechanism for accumulating population in nonabsorbing states. The probe intensity does not have to be significant relative to the saturation intensity, and atoms in velocity classes that are many linewidths from resonance can still have their population transferred to the dark ground state.
Further proof is obtained in polarization-spectroscopy experiments, where a weak probe beam analyzes the birefringence induced in a vapor by a strong counter propagating circularly polarized pump beam. In polarization spectroscopy, the Fϭ3 ground state atoms excited on the closed transition do not fall into the other ground state, but atoms excited on Fϭ3→FЈϭ2 or 3 have a decay channel to the Fϭ2 hyperfine level in the ground state. Atoms in this level are very far from resonance and consequently do not rotate the plane of polarization of the probe. As a result, it is expected that the polarization spectroscopy signal is greatly enhanced for the Fϭ3→FЈϭ4 transition, on which an atom can absorb many circularly polarized pump photons and be transferred to the most optically active sublevel, Fϭ3, m F ϭ3. A greatly enhanced polarization spectroscopy signal on the closed transition Fϭ3→FЈϭ4 is indeed seen in experiment. 13 An important issue in pump-probe spectroscopy relates to the power used for the probe beam. Typically one studies the modification of the spectra obtained for a range of pump powers. However, the spectra obtained also depend strongly on the probe power. Again, this probe power dependence is due to the presence of two hyperfine ground states. An atom absorbing a photon for the closed Fϭ3→FЈϭ4 transition decays spontaneously to the original ground state where it can absorb more probe ͑or pump͒ photons. Atoms absorbing probe laser photons in the vicinity of an open transition have a decay mechanism into the other ground state, where they would be too far from resonance to influence the propagation of the pump or probe beams. Thus the probe beam can ''selfpump'' the medium and modify its absorption properties. The probe beam intensity does not have to be large compared to the saturation intensity for this effect to be important. If the hyperfine pumping time is comparable to the transit time, this mechanism will be significant. The transfer of atoms into the dark ground state within the time it takes for them to traverse the beam leads to a reduction in absorption. For example, for the transitions Fϭ3→FЈϭ4,3,2 in 85 Rb, we can calculate the Doppler broadened absorption profile of the medium knowing the relative line strengths from Table I , the absolute line strength for one of the transitions, and the room temperature vapor pressure of rubidium. We predict a linecenter transmission of 66% at 294 K. Experimentally, the line-center transmission increases monotonically from 66% for probe powers less than 0.5 W to 87% for 200 W, as shown in Fig. 8 . Therefore, in a pump-probe experiment where hyperfine pumping can occur, attention must be paid to the self-pumping nature of the probe. A probe beam that has an intensity much lower than the saturation intensity is not necessarily a weak probe.
In summary, we have demonstrated that it is misleading to label sub-Doppler absorption spectroscopy, realized with a counter propagating pump-probe geometry on the D 2 line with alkali metal atoms, as ''saturated-absorption spectroscopy.'' The mechanism of hyperfine pumping cannot be overlooked; indeed, it dominates. In contrast to saturated absorption, atoms do not have a sufficient time to come into equilibrium by the hyperfine pumping mechanism, and the transient response must be considered to account for the spectra obtained. These spectra cannot be simply characterized by the intensity of the pump beam, and the range of transit times of atoms through the beam ͑which depends on the beam width and atomic velocity distribution͒ also must be considered. Although the spectra have six sharp subDoppler transmission peaks, there is a modification of the Rb atoms illuminated on the Fϭ3→FЈϭ4,3,2 transitions with a pump of intensity equal to the saturation intensity. ͑a͒ Saturated absorption is included in the model, but hyperfine pumping is excluded. Six features centered at the correct frequencies are seen, but the heights of the lines are very different to those observed experimently. ͑b͒ Saturated absorption is neglected, but hyperfine pumping included. Five features are seen, with the peak height very similar to those seen in experiment. The Fϭ3 →FЈϭ4 transition is absent because it is closed and does not exhibit hyperfine pumping. In both cases the dashed lines show the absorption spectrum in the absence of a pump beam.
absorption over a much wider frequency range than would be expected if saturated-absorption alone occurred. These predictions are borne out by experiments.
